Regardless of genetic makeup, a female honey bee becomes a queen or worker depending on the food she receives as a larva. For decades, it has been known that nutrition and juvenile hormone (JH) signaling determine the caste fate of the individual bee. However, it is still largely unclear how these factors are connected. To address this question, we suppressed nutrient sensing by RNA interference (RNAi)-mediated gene knockdown of IRS (insulin receptor substrate) and TOR (target of rapamycin) in larvae reared on queen diet. The treatments affected several layers of organismal organization that could play a role in the response to differential nutrition between castes. These include transcript profiles, proteomic patterns, lipid levels, DNA methylation response and morphological features. Most importantly, gene knockdown abolished a JH peak that signals queen development and resulted in a worker phenotype. Application of JH rescued the queen phenotype in either knockdown, which demonstrates that the larval response to JH remains intact and can drive normal developmental plasticity even when IRS or TOR transcript levels are reduced. We discuss our results in the context of other recent findings on honey bee caste and development and propose that IRS is an alternative substrate for the Egfr (epidermal growth factor receptor) in honey bees. Overall, our study describes how the interplay of nutritional and hormonal signals affects many levels of organismal organization to build different phenotypes from identical genotypes.
INTRODUCTION
One of the key characteristics of eusocial insect societies (termites, ants, some bees and wasps) is the reproductive division of labor within the colony (Wilson, 1971) . In honey bees, Apis mellifera L., this is achieved via a diphenism between females: highly fecund queens that perform the reproductive function of the colony, and essentially sterile workers, which carry out the vast majority of other tasks. Depending upon differential nurturing by workers, fertilized (female) honey bee eggs can develop into either queens or workers. Bee larvae that consistently receive the nutrient-rich royal jelly throughout the larval stages during development attain queen characteristics. These individuals have enlarged bodies and welldeveloped ovaries, enabling them to specialize in egg laying. In contrast, larvae fed a restricted diet from the 3rd instar onward become small-bodied workers with greatly reduced ovarian development (Winston, 1987) . As a result of this nutritional dichotomy, differences occur in larval titers of juvenile hormone (JH), a major systemic lipophilic hormone and transcriptional regulator in insects (Hartfelder and Engels, 1998) . Honey bee larvae show a predictable pattern of JH signaling, with queen-destined larvae expressing higher titers during the 4th to 5th instars ).
Experiments have revealed that consumption of a diet rich in royal jelly increases larval JH titer (Rembold, 1987; and that application of synthetic JH to larvae reared on a restricted diet is sufficient to cause the development of queen-like traits (Rembold et al., 1974; Goewie, 1977; Dietz et al., 1979) . These findings have led to the conclusion that the influence of food intake on JH is the key determinant of female caste in honey bees. Because of this link, recent investigations have focused on understanding the molecular relationship between nutritional stimuli and the hormonal modulation that results in caste differences. Initially, studies pointed towards two highly conserved eukaryotic nutrient-sensing pathways, IIS (insulin/insulin-like signalling) and TOR (target of rapamycin) as key regulators in honey bee caste determination (Patel et al., 2007; Wolschin et al., 2011) . Both pathways are known integrators of genetic and environmental stimuli, regulating cell growth, metabolism, reproduction and lifespan across taxa (Oldham and Hafen, 2003; Wullschleger et al., 2006) . During a critical period of larval honey bee phenotypic differentiation, transcripts encoding ILP-1 (insulin-like peptide-1), IRS (insulin receptor substrate) (Wheeler et al., 2006) and InR (insulin receptor) (de Azevedo and Hartfelder, 2008) show reduced expression in worker-destined larvae compared with queen-destined larvae. Furthermore, RNA interference (RNAi)-mediated knockdown of TOR and IRS expression in 3rd instar larvae is sufficient to cause queen-destined individuals to develop worker traits (Patel et al., 2007; Wolschin et al., 2011) . Also, methylation of CpG (cytosine-phosphate-guanosine) dinucleotides is associated with an alteration in gene expression patterns across taxa (Jaenisch and Bird, 2003) and queen diet results in lower (CpG) DNA methylation levels in larvae compared to worker-diet reared larvae (Kucharski et al., 2008) . Therefore, somatic imprinting established by nutrient sensing may contribute to caste-specific gene expression patterns. In support of this hypothesis, larval knockdown of DNA methyltransferase 3 (dnmt3), an enzyme that mediates de novo CpG methylation, is sufficient to cause worker-destined larvae to develop queen-like traits (Kucharski et al., 2008) . Reports of InR and chico (IRS) influencing JH levels in insects (Tatar et al., 2001; Tu et al., 2005) lend further support to a role for IIS in caste development as JH levels influence queen-worker dimorphism. However, the relationship between TOR and JH in insects is less clear (Shiao et al., 2008; Kapahi et al., 2004) . Recent work by Kamakura has greatly advanced the understanding of honey bee caste regulation (Kamakura, 2011) . A key protein component of royal jelly, royalactin, was identified as a major activator of the queen developmental pathway. It was subsequently revealed that the reaction to royalactin is mediated by epidermal growth factor receptor (Egfr), leading to changes in JH titer and caste differentiation. In the course of the study, it was also concluded that IIS, as assessed by knockdown of one InR, is not involved in caste differentiation, and that TOR has only a downstream supporting role. Part of this conclusion could potentially be in conflict with the conclusions of a previous study, which showed that caste development is perturbed by knockdown of IRS (Wolschin et al., 2011) , and thus presumably by impaired IIS.
Here, we assessed the roles of IRS and TOR in queen/worker development by parallel and concurrent downregulation of these pathways in combination with analyses of several layers of molecular detail culminating in effects on JH signaling. To achieve this, we used RNAi to knock down (i) IRS, (ii) TOR and (iii) IRS and TOR simultaneously, in bee larvae reared on queen-inducing diet.
Knockdown and control larvae were tested for expression of genes in the IRS, TOR and Egfr pathways, proteomic patterns, JH content and DNA methylation, while morphological traits were scored in adult individuals. We also examined abdominal lipid stores, as this trait is characteristically affected (increased) by IRS silencing in fruit flies (Bohni et al., 1999) . Individual gene knockdowns resulted in an adult worker phenotype with effects on gene expression, protein abundance, lipid levels, DNA methylation patterns, and reduced larval JH levels. We further tested whether queen development could be rescued by restoration of JH signaling after gene knockdown. Our study provides new evidence that places IRS and TOR upstream of JH during honey bee caste differentiation. We propose that this is not mutually exclusive with other findings if IRS also provides an alternative substrate for Egfr.
MATERIALS AND METHODS Bees
We used wild-type honey bees (unselected commercial stocks), maintained in the apiary of Arizona State University. Queens (N2) were caged on a wax comb for 24h for egg laying, and after 3days, newly hatched (12-18h old) larvae were grafted into the VS diet as previously described (Patel et al., 2007) . Larvae from both queens were assigned randomly to all treatments throughout the study.
In vitro feeding regime
The queen-inducing feeding regime was as described previously (Patel et al., 2007) , except that the amount of double-stranded RNA (dsRNA) directed toward IRS was adjusted to 250gml -1 of IRS were mixed and fed to the larvae. The quantities used were chosen as the lowest concentration resulting in robust gene knockdown (Wolschin et al., 2011) . Control larvae were fed with 400gml -1 of dsGFP (green fluorescent protein) RNA. In total, 150 larvae per treatment group were used and each experimental set up was replicated twice. Details of the feeding regime are shown in supplementary material Fig.S1 . All experiments were performed in an incubation chamber at 33°C and 80% relative humidity. Daily mortality during larval development was at 5% in all treatment groups except double knockdown where ~15-20% of the larvae died. During pupation, mortality of about 50% was observed in all groups, with only two eclosed as adults in the double knockdown IRS -/TOR -group. For the JH treatments, 100 larvae per treatment group were used.
RNA isolation, first strand cDNA synthesis and RT-PCR
Total RNA was isolated from larvae using Trizol reagent (Invitrogen, Carlsbad, CA, USA) following the procedure provided by the manufacturer. For RT-PCR, total RNA was treated with DNaseI (Ambion, Austin, TX, USA) following standard instructions. Following RNA isolation, 5.0g was used as a template in cDNA synthesis using SuperScriptR III First-Strand Synthesis System for RT-PCR (Invitrogen) with oligoDT primers. PCR was done using primers listed in supplementary material TableS3; primers for some genes (actin, TOR, ILP-1 and ILP-2) were adapted from previous studies (Wheeler et al., 2006; Patel et al., 2007) . Subsequently, 1.0l of first strand cDNA was used as a template for PCR, for which we used primers at 0.3moll -1 concentration and 15.0l PCR master mix (Promega, Madison, WI, USA) in a final volume of 30.0l. Primer sequences and GenBank accession numbers of the genes analyzed by RT-PCR are listed in supplementary material TableS3. Briefly, PCR conditions were 94°C for 5min, followed by 28 cycles of 94°C for 30s, 55°C for 30s and 72°C for 30s. PCR products (20l) were examined on 2% agarose gels.
Protein extraction and proteomic analysis
These steps (see Appendix for details) were carried out as previously described (Wolschin et al., 2011) , except larvae were subjected to extensive washing with nuclease-free water and rolled over Kimwipes in order to minimize potentially confounding effects of food-derived proteins on their cuticle. Liquid chromatography coupled to tandem mass spectrometry (LC-MS 2 ) was used for proteomics analysis. Five individuals were assayed per group.
Lipid quantification
Fifth instar larvae were collected directly into methanol:chloroform buffer and subjected to lipid analysis (see Toth and Robinson, 2005) . Absorbance was read at 525nm on a spectrophotometer (Ultraspec 2100 pro, Amersham Biosciences, GE Healthcare, Piscataway, NJ, USA). A standard curve using known amounts of pure cholesterol was used to calculate lipid amounts. Each sample was run in duplicate and averages of these paired sample values were used for analysis.
JH analysis
We collected 5th instar larvae of the IRS -, TOR -, IRS -/TOR -and control groups. Each larva was gently rolled on a Kimwipe to remove N. S. Mutti and others IIS and TOR act on honey bee caste fate diet, weighed and then sampled into 1ml of 50% acetonitrile/50% water solution and stored at -80°C until purification. The larvae were ground using a glass rod, centrifuged and the supernatant collected. Samples were processed using the GC-MS method as reported elsewhere [(Dolezal et al., 2009) as modified from Shu et al. (Shu et al., 1997) ]. Purified and derivatized JH was analyzed using a HP 6890 Series GC equipped with a 30mϫ0.25mm Carbowax Econo-Cap GC column (Alltech, Nicholasville, KY, USA) coupled to a HP 5973N inert MSD/DS running in SIM mode. Helium was used as a carrier gas. JH was quantified and normalized as pgg -1 wet mass against a calibration curve established with JH III standards (Sigma-Aldrich, St Louis, MO, USA).
JH treatment
Bee larvae were grafted from experimental colonies and provisioned with one of the in vitro diets (see above). At the beginning of day 4, and after the completion of the described dsRNA feeding schedule, the topical application of either 1.0l JH (10g JH/1l acetone) or 1.0l of sham control (acetone) was performed twice at 24h intervals. The IRS and TOR knockdown bees were split between JH-treated groups and acetone (sham)-treated groups, and all control (dsGFP RNA)-fed larvae were treated with acetone. The in vitro diet continued until the larvae began defecating. Defecating larvae were removed from the diet prior to pupation and cleaned to remove excess diet, then transferred into Petri plates with filter paper (Whatman) at the bottom and allowed to pupate in an incubator at 33°C. The time from larval defecation to adult eclosion was recorded. On the day of adult emergence, bee age and body mass were recorded, casteassociated morphologies were identified, and ovariole number was assessed (see Appendix for details).
Statistics
We used the non-parametric Kruskal-Wallis test, and thereafter Mann-Whitney U-tests for post hoc comparisons of pupal length, lipid levels and JH levels (four treatment groups).  2 goodness of fit test was used for comparison of the DNA methylation data. For comparison of protein levels between control and knockdown groups, statistical analysis was conducted as described previously (Wolschin et al., 2011) . Non-parametric Kruskal-Wallis ANOVA was used to test overall differences in protein levels between all treatment groups followed by Mann-Whitney U-tests for post hoc comparisons. Type 1 error inflation was controlled by bootstrap correction of the Kruskal-Wallis alpha level: 1000 bootstrap iterations were run for each protein. All analyses except the proteomics analysis (conducted in R 2.10.1; www.r-project.org) were performed with Statistica 6.0.
In order to gain broader insight into how nutrient sensing by IIS, Egfr and TOR pathways acts as an integrator of honey bee caste differentiation, we generated IRS -and TOR -single knockdown phenotypes as well as a double knockdown (IRS -/TOR -) phenotype ( Fig.1; supplementary material Fig.S2 ). All treatment groups were scored for caste-specific morphological characteristics: presence or absence of corbicula (pollen basket on the hindleg) and mandibular notch, ovariole count per ovary, pupation time and adult wet mass (see Materials and methods for details). Knockdowns developed worker traits while controls attained the characteristics of queens (see Fig.1 ). We verified the downregulation of IRS, TOR and other essential pathway components, including those also involved in Egfr signaling, such as PDK-1 and PI3K (Navolanic et al., 2003) , in response to RNAi by using semiquantitative PCR (Fig.2) . IRS -/TOR -double knockdowns showed cumulative effects on transcript levels with respect to controls (Fig.2A,B) . Downregulation of IRS expression further resulted in a decrease of TOR mRNA levels ( Fig.2B ), but TOR RNAi did not affect IRS expression (Fig.2A ). Knockdowns showed a decrease in ILP-1 expression compared with ILP-2 (insulin-like peptide-2), which was expressed at higher levels in IRS -and TOR -knockdowns but not in IRS -/TOR -double knockdowns (Fig.2C,D) . Prior studies have shown that ILP-1 is naturally low in worker larvae, while ILP-2 is elevated (Wheeler et al., 2006; de Azevedo and Hartfelder, 2008; Ament et al., 2008) . These findings are in accordance with our results from the IRS -and TOR -phenotypes (Fig.2C,D) , in which ILP-1 expression is diminished but ILP-2 is upregulated (or probably little affected) in TOR -knockdowns, and this supports the argument for different roles for these peptides in honey bee caste development. As expected from previous work on flies, total abdominal lipid levels increased significantly in IRS -larvae (Bohni et al., 1999) , while this was not the case in TOR -larvae compared with controls, and IRS -/TOR -larvae had the least abdominal lipids (Fig.1B) . A proteomic analysis further validated the biochemical differences between knockdowns and controls ( Fig.3 ; supplementary material Fig.S3 and TableS1). For example, calreticulin and acetaldehyde dehydrogenase were reduced in the knockdown groups compared with controls ( Fig.3A,D) , while levels of cuticular protein 4 and PEPB (phosphatidylethanolamine binding protein) were higher in knockdowns (Fig.3B,C) . The findings were in general agreement with an earlier study on IRS - (Wolschin et al., 2011) . Additional results are provided in supplementary material Fig.S3 and TableS1.
Finally, we tested relative de novo DNA methylation in response to downregulation of IRS -, TOR -and IRS -/TOR -larvae using a methylation-sensitive amplified fragment length polymorphism (AFLP) technique (supplementary material Fig.S4 ). Single and double gene knockdown individuals showed significant addition of methylated loci overall (Table1; post hoc comparisons between all the treatments are shown in supplementary material TableS2). Our data are in agreement with the finding that worker-destined larvae show higher levels of DNA methylation than queen-destined bees (Kucharski et al., 2008) and with the observation that about 11% of AFLP loci are methylated during worker bee development (Kronforst et al., 2008) . The effect on DNA methylation was most pronounced in TOR -4th and 5th larvae when compared with controls.
Knockdown of IRS and TOR reduces JH content in larvae
In this experiment, we sampled 5th instar larvae corresponding to the time point when the JH level shows the largest difference between queen-and worker-destined bees . We found that JH content was significantly lower in IRS -, TOR -and IRS -/TOR -larvae compared with controls ( Fig.4A ). This result was consistent with natural differences in JH titers observed in worker-and queen-destined larvae . It also illustrates that, although the IRS -, TOR -and IRS -/TOR -larvae are characterized by some complementary effects at the level of gene expression (Fig.2B-H ) and protein abundance ( Fig.3 ; supplementary material Fig.S3 and TableS1), the gene knockdowns shared a common influence on JH during the 5th instar.
JH application rescues queen development in IRS and TOR knockdowns
Topical application of either 1.0l (10pgl (Zemel et al., 2000; Watt et al., 2003) , a syndrome observed in IRS -larvae. General down-regulation of gene expression was observed in IRS -/TOR -larvae (B-F). IIS and TOR act on honey bee caste fate 24h intervals to 5th instar larvae (supplementary material Fig.S1 ). As before, all treatment groups were scored for caste-specific morphological characteristics: presence or absence of corbicula (pollen basket on the hindleg), ovariole count per ovary, and mandibular notch; pupation time and adult wet mass were also recorded ( Fig.4B,C) . Double knockdowns (IRS   -/TOR   -) were not treated because of the high mortality rate (see Materials and methods for details).
JH treatment resulted in bees that eclosed with queen characteristics (Fig.4C ) and exhibited a queen-like adult phenotype with enlarged body and more developed ovaries, while the majority of sham controls emerged with worker traits (Fig.4C and supplementary material Movie1). Adult phenotypes are shown in Fig.4B . We conclude that JH can direct honey bee development independent of disruptions of major nutrient-sensing genes.
DISCUSSION
In eusocial insects, one genotype provides molecular roadmaps to multiple morphologically and behaviorally distinct phenotypes that are induced and shaped by environmental variables such as nutrition, temperature and humidity (Winston, 1987; Page and Amdam, 2007) . Honey bee caste differentiation is frequently used as a model for understanding the molecular basis and regulation of these polyphenisms. However, different results do not always come together to form consistent explanations. Here, we generated RNAi knockdowns of IRS and TOR, and a corresponding double knockdown (IRS -/TOR -) to address one such challenge. As shown previously (Patel et al., 2007; Wolschin et al., 2011) , modulation of either IRS or TOR was sufficient to alter the developmental fate of a queen-destined larva into a worker phenotype. Although perturbation of IRS and TOR both lead to a worker phenotype, their effects on the transcriptome (Fig.2) , proteome ( Fig.3 ; supplementary material Fig.S3 ) and total lipid level ( Fig.1B ) are different. These results suggest that, despite some common downstream effects, which culminate in the JH level ( Fig.4A ), IRS and TOR can have separate functions during honey bee development. This conclusion may be extended to Egfrmediated pathways that also regulate changes in JH signaling to affect queen fate (Kamakura, 2011) . IRS, TOR and Egfr could, thereby, illustrate how multiple molecular sensors converge onto one central signal integrator (JH) to ensure robust decision making during a crucial developmental stage.
An in vitro experiment using cultured corpora allata (the glands that produce JH) from Blatella germanica showed that downregulation of TOR leads to reduced JH production (Maestro et al., 2009) . Our results take this insight a step forward to establish the interactions between IRS, TOR and JH at an organismal level. Our data suggest that these interactions participate in the orchestration of honey bee caste development, such that perturbations in either pathway are sufficient to alter caste fate from queen to worker. However, even after downregulation of IRS and TOR, queen development could be rescued by established protocols for artificial reinitiation of JH signaling (Rembold, 1974; Goewie and Beetsma, 1976; Dietz et al., 1979) , showing that developmental plasticity is maintained. This evidence also clearly places the JH signal downstream of nutrient-sensing genes in the route of caste development. ). Protein abundance was measured in normalized spectrum count and displayed in box plots with interquartile ranges from 25% to 75% (N5 per group). (A)Calreticulin (GenBank accession no. XP_392689) is a multifunction protein involved in signal transduction; (B) cuticular protein 4 (XP_001122907) may be influenced by JH (Roberts and Willis, 1980) ; (C) phosphatidylethanolamine binding protein (PEBP; XP_623194) is a potential inhibitor of the MAP kinase pathway (Vallee et al., 2003) ; and (D) aldehyde dehydrogenase CG3752-PA isoform 1 (ADH; XP_623084) and insulin levels are positively correlated in mice (Demozay et al., 2004 Based on the a priori expectation of increased DNA methylation in worker larvae (Kucharski et al., 2008 Our results may seem to conflict with conclusions of Kamakura (Kamakura, 2011) . We propose two possible explanations that resolve this inconsistency. A first possibility is that our knockdown of IRS effectively downregulated any and all InR-dependent signals, while Kamakura perturbed one predicted InR gene of honey bees (InR-2), thus perhaps accommodating redundant or compensatory signaling via an alternative gene (InR-1). However, the expression of both predicted honey bee InR genes is naturally suppressed during caste differentiation (de Azevedo and Hartfelder, 2008) . This finding suggests that no redundant or compensatory signaling takes place.
It follows that there is a second possibility: IRS is not only mediating InR signals during the critical window of queen-worker development. While not characterized in the honey bee, it has been shown in mammals that IRS-1 and IRS-2 are key mediators of Egfr activation ). In addition, research on human cell lines has shown that Egfr is a main recruiter of the IRS protein, sometimes dominant even over IGF-IR (insulin-like growth factor type 1 receptor) (Knowlden et al., 2008) . Thus, it is quite possible that IIS, as mediated by the InR proteins, is less important than Egfr signaling during queen-worker differentiation. However, it can be equally correct that IRS is central to this phenotypic divergence: as a mediator of Egfr.
It was previously argued that Egfr is a 'stiff' component of its pathway; that is, where small perturbations result in large phenotypic effects. Such stiff components can be contrasted with 'soft' components that withstand more variation with less significant consequences for the phenotype (Brown et al., 2004) . These system properties are widespread in biology and physics; they are formalized mathematically (Brown and Sethna, 2003) and result in circuits that produce very reliable outcomes (Brown and Sethna, 2003; Brown et al., 2004) . Considering the selective advantage of reproductive division of labor in eusocial insects, and the costs of colonies producing too many, or inopportune, queens, it follows that reliability is highly desirable during caste differentiation (Nijhout, 2003) . Variable phenotypic impact is thus expected for components of pathways that influence caste fate, and this variation may be exemplified by Egfr, IRS, TOR and S6-kinase (Patel et al., 2007; Wolschin et al., 2011; Kamakura, 2011) . Therefore, rather than focusing on single explanations, it may be important to ask how molecular pathways act together during insect caste development to produce reliable outcomes in the face of environmental and genetic noise.
APPENDIX

Cloning of IRS and preparation of dsRNA
These procedures were conducted as described previously (Wang et al., 2010) . Briefly, after dsRNA synthesis (see Patel et al., 2007) , the PCR products were excised from low melting temperature 1% agarose gels and purified using a QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA). The dsRNA was then made using an AmpliScribe T7 transcription kit (Epicentre Biotechnologies, Madison, WI, USA) following the manufacturer's protocol. (Mutti et al., 2008) .
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Scoring morphological characteristics that distinguish queens and workers
Queens were identified as having >100 ovarioles per ovary, notched mandibles, a smooth stinger and no corbicula (pollen basket) (Snodgrass, 1956 ). Workers were identified as having 2-30 ovarioles per ovary and a barbed stinger, and by the presence of a corbicula. For worker ovariole scoring, ovaries were dissected and placed in a drop of water and ovarioles were counted under a microscope. For queen ovariole scoring, ovarioles were dissected and fixed in 4% paraformaldehyde and embedded into a 3% agarose in PBS (137mmoll -1 NaCl, 2.7mmoll -1 KCl, 10mmoll -1 Na 2 HPO 4 , 1.8mmoll -1 KH 2 PO 4 ; pH7.4). Following embedding, the agarose was cut into thin sections using a microtome and ovarioles were counted under a microscope at 40ϫ magnification. For queens, ovariole number was estimated within an accuracy of 10 ovarioles per ovary. Detailed data on morphological characteristics and their occurrence were in agreement with our previously reported results (Patel et al., 2007; Wolschin et al., 2011) .
Protein extraction from larval tissue
Larvae were placed on a Kimwipe and gently rinsed with water to minimize contamination from royal jelly (Wolschin et al., 2011) . Then, larvae were ground for 1min in 100l of extraction buffer (50mmoll -1 Tris pH8.5, 2% SDS, 100mmoll -1 DTT, 10% glycerol). After vortexing, samples were heated for 5min at 95°C and vortexed again. Following centrifugation for 5min at 12,000g at room temperature, the supernatant was transferred to a new tube and proteins were precipitated using methanol:chloroform (Luong et al., 2006) . Pellets were redissolved in 40l of buffer [50mmoll -1 Tris pH8.5, 6moll
-1 urea, 2moll -1 thiourea, 2% acetonitrile (MeCN), 1mmoll -1 CaCl 2 ] using two incubation periods of 5min and vigorous vortexing. Then, 160l of dilution buffer (50mmoll -1 Tris pH8.5, 2% MeCN, 1mmoll -1 CaCl 2 ) was added and the samples were vortexed for 5min. The resulting samples were centrifuged for 10min at 10,000g and the supernatant was transferred to a new tube. Protein concentrations were determined with the Bradford assay using albumin as a standard (Bradford, 1976) . For protein digestion, 1g of trypsin was added to 40g of protein and proteins were incubated overnight at 30°C. Peptides were desalted according to Rappsilber and colleagues (Rappsilber et al., 2003) .
Peptide analysis
Briefly, peptides (10µg per sample) were separated using a monolithic column and eluted into a linear ion trap mass spectrometer (Thermo Electron, San Diego, CA, USA). In order to minimize potential carry-over effects between runs, samples were separated by a blank and were run in a semi-randomized fashion that ensured an equal distribution of all sample types over the time of the analysis. Settings for the HPLC and the mass spectrometer were essentially as described previously (Wolschin and Amdam, 2007a; Wolschin and Amdam, 2007b; Wolschin et al., 2011) , but MS 2 were triggered for the five most abundant peaks of every MS recording. OMSSA 2.0.0 (Greer et al., 2004) was used for searching the A. mellifera database with the following tolerance windows: 0.8Da fragment tolerance, 0.8Da precursor tolerance, maximum of two missed cleavages, only tryptic sequences allowed, 10 hits per peptide reported (after analysis the output was restricted to only the best matches), variable modifications: methionine oxidation, deamidation of glutamine and asparagine. For quantification purposes, only proteins with a spectrum count ≥4 in at least four out of the six replicates were considered. Statistical analysis was conducted as described before (Wolschin and Amdam, 2007a) . For each protein, the individual spectral count was divided by the total spectral count of the sample in order to achieve normalization. 
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-and control 4th and 5th instar larvae as described previously (Wang et al., 2006 Table S4 ). The PCR conditions for single and three selective nucleotides were performed as described before (Vos et al., 1995) . After amplification, the PCR products were size separated on a 0.4mm thick denaturing 8% polyacrylamide/8moll -1 urea gel, following a standard sequencing gel protocol. Only 1/5th (5l) of the amplification product was loaded on the gel. The gels were prerun at 33mA constant current for 30min and then at 70W constant power for 4h. An X-ray film was placed on the dried gel and exposed for 3-5days. Two independent AFLP libraries per sample were made and each PCR was repeated twice for accuracy.
Differences in the abundance of honeybee protein species between sample groups IRS-: dsRNA-mediated knockdown of irs expression TOR-: dsRNA-mediated knockdown of tor expression (IRS-/TOR-): double knockdown Control: individuals treated with gfp dsRNA Kwpvalue: pvalue obtained following a Kruskal Wallis ANOVA pvalue: pvalue resulting from a Mann-Whitney Utest pvalue cutoff: pvalue corresponding to the 5 % cutoff from the distribution obtained through bootstrap correction Sample 1, sample 2: groups of individuals for the specified comparison Note that some peptides can match to more than one protein, which leads to redundant results. Proteins were only included, if they displayed at least a spectral count of three in at least three out of the five replicates of at least one sample group. 
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cutoff XP_623194|PREDICTED: similar to CG6180-PA isoform 2 [Apis mellifera] 0.002 0.008 25.000 40.000 15.000 55.000 5.000 5.000 0.198 XP_392060|PREDICTED: similar to CG6180-PA isoform 1 [Apis mellifera] 0.002 0.008 25.000 40.000 15.000 55.000 5.000 5.000 0.198 XP_001122907|PREDICTED: similar to Ccp84Ad CG2341-PA [Apis mellifera] 0.003 0.008 25.000 40.000 15.000 55.000 5.000 5.000 0.198 XP_624910|PREDICTED: similar to CG11267-PA [Apis mellifera] 0.005 0.095 21.000 36.000 19.000 55.000 5.000 5.000 0.206 XP_001121128|PREDICTED: similar to CG32405-PA [Apis mellifera] 0.007 0.032 2.000 17.000 38.000 55.000 5.000 5.000 0.cutoff XP_623194|PREDICTED: similar to CG6180-PA isoform 2 [Apis mellifera] 0.002 0.008 25.000 40.000 15.000 55.000 5.000 5.000 0.206 XP_392060|PREDICTED: similar to CG6180-PA isoform 1 [Apis mellifera] 0.002 0.008 25.000 40.000 15.000 55.000 5.000 5.000 0.167 XP_001122907|PREDICTED: similar to Ccp84Ad CG2341-PA [Apis mellifera] 0.003 0.008 25.000 40.000 15.000 55.000 5.000 5.000 0.206 XP_624910|PREDICTED: similar to CG11267-PA [Apis mellifera] 0.005 0.008 25.000 40.000 15.000 55.000 5.000 5.000 0.
